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Introduction
It has been shown that the diabetic vasculature is vastly different from the normal vasculature and that these differences mimic cardiovascular pathologies. [1] [2] [3] Most agree that this is predominantly due to the presence of advanced glycation end products (AGEs) within the vascular system. 4 Advanced glycation end products are proteins that become glycated after exposure to abnormally high sugar concentrations. A debate exists as to when glycation becomes irreversible. Some claim that a Schiff base is irreversible (glycation time of 1-2 weeks), whereas others claim that the products must pass to the Amadori rearrangement to be fully glycated (6-8 weeks of glycation). 5, 6 Regardless, AGEs perpetuate many deleterious effects associated with cardiovascular complications during diabetes.
It has become apparent that platelets play an important role in cardiovascular diseases. [7] [8] [9] We have shown that glycated albumin enhances platelet susceptibility to shear induced activation and aggregation. 10 There have been a few reports on the effects of AGEs on platelets, showing that platelets are more susceptible to aggregation and that platelet calcium concentrations are elevated. [11] [12] [13] Increased calcium induces many of the processes associated with hemostasis, such as activation, shape change, aggregation, and adhesion. Furthermore, enhanced aggregation is a hallmark of many cardiovascular diseases.
Only a few studies have focused on the effects of AGEs on endothelial cell thrombotic and inflammatory responses. For instance, AGEs induce the activation of nuclear factor kappa of activated B cells, 14 which transforms the cell membrane from anticoagulant to procoagulant. Furthermore, the migration of inflammatory mediators is enhanced in the presence of AGEs. 15 The majority of other studies that investigated the relationship between the presence of AGEs and changes to endothelial cells were only marginally related to thrombosis. Our objective here is to fill this gap by relating the changes to endothelial cell culture conditions with changes to endothelial cell thrombotic and inflammatory markers. In this way, the relationship between endothelial cell activation and platelet activation, during diabetic cardiovascular diseases, might be elucidated.
Here, we examined the thrombogenic potential, inflammatory potential, and culture conditions of endothelial cells that were subjected to glycated albumin. We hypothesized that endothelial cells would be more procoagulant and have higher inflammatory responses and diminished culture conditions in the presence of glycated albumin. These responses would also be a function of the extent of glycation and culture duration; with a longer time or duration, the conditions would worsen.
Methods

Advanced Glycation End Product Formation
Bovine serum albumin (BSA) was glycated as previously reported. 7, 10 Briefly, 50 mg/ml albumin (≥98% pure, Sigma-Aldrich, St. Louis, MO; all materials purchased from Sigma-Aldrich unless otherwise noted) was incubated with 250 mM D-(+)-glucose, 5 mM phenylmethylsulfonyl fluoride (Pierce, Rockford, IL), 2 mg/ml aprotinin, 0.5 mg/ml leupeptin, 100 µg/ml penicillin, and 100 U/ml streptomycin in phosphate-buffered saline (PBS; pH 7.4) at 37 °C for 8 weeks. Some albumin samples were incubated without the addition of glucose as a glycation control. Timed samples were removed and dialyzed against PBS. The glycated albumin in this study is the same lot as previously reported, which had 31 glucose molecules associated with albumin after 8 weeks of glycation, 26 glucose molecules after 6 weeks, and 5 glucose molecules after 2 weeks. 10 This association was quantified from the protein absorbance patterns at 280 nm.
10
Endothelial Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from ScienCell Research Laboratories (Carlsbad, CA) as passage-one cells and were used between passages two and six. Cells were maintained in endothelial cell growth media with the addition of 5% fetal bovine serum, 1X growth supplement, 10 U/ml penicillin, and 10 µg/ml streptomycin (all from ScienCell). Cells were cultured on 1% gelatin-coated flasks. Human umbilical vein endothelial cells were passaged with trypsin, at which time, either nonglycated albumin or glycated albumin was added at a final concentration of 2 mg/ml. 7 Some samples had no added albumin, as a control. Human umbilical vein endothelial cells were maintained under these conditions for up to 5 days. Fresh culture media (with the appropriate additions) was exchanged on days 1 and 3. Human umbilical vein endothelial cell seeding density was documented for statistical analysis (and was ~1000 cells/cm 2 for each experiment).
Imaging with the Live/Dead Cell Viability Assay
Cell viability and density were quantified with a cell cytotoxicity assay consisting of 2 µM calcein and 4 µM ethidium (in PBS) as described previously. 16 The total number of live cells (calcein positive), and the total number of dead cells (ethidium positive) were counted and averaged per independent experiment. Cell viability is the total number of live cells divided by the total number of cells within one imaging area. Cell density is the total number of live cells divided by the imaging area. This was normalized by the seeding density. Cell morphology was quantified from calcein-positive images from a customized MATLAB program.
16,17
Scanning Electron Microscopy of Endothelial Cells
Scanning electron microscopy was used to perform a more detailed morphological analysis. Endothelial cells were washed twice in PBS. Cells were then fixed with 0.5% glutaraldehyde for 15 min at 37 °C, which was followed by two PBS washes. Cells were then incubated in osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) for 60 min, followed by two washes. Prior to imaging, cells were dried with absolute ethanol for 15 min (three exchanges). Cells were then dried in hexamethyldisilazane (Electron Microscopy Sciences) for 10 min (two exchanges). 18 Finally, cells were coated with gold (BalzersåUnion MED 010 Au/Pt Sputter Coater) for 30 s and then imaged.
Metabolic Activity Quantification
A standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay was conducted by incubating HUVECs with reconstituted MTT reagent for 3 h. This assay measures the metabolic activity of living cells through the actions of mitochondrial dehydrogenase. Formazan crystals were dissolved in 10% Triton-X and 0.1 M HCl in anhydrous isopropanol. The resulting solution was gently mixed, and absorbance at 630 nm was quantified using a microplate reader (Beckman Coulter, DTX 880). 17 For statistical analysis, metabolic activity was normalized by the metabolic activity for cells exposed to no added albumin after three days in culture (each experiment was paired).
Enzyme-Linked Immunosorbent Assay/ Immunofluorescence Microscopy
Enzyme-linked immunosorbent assay (ELISA) was used to quantify the surface expression of intracellular adhesion molecule-1 (ICAM-1), thrombomodulin, and tissue factor. HUVECs were washed twice with PBS and fixed in 0.5% glutaraldehyde for 15 min. Glutaraldehyde was removed with two PBS washes, after which 100 mM glycine+1% BSA (30 min, room temperature) was used for blocking/ neutralizing. Cells were washed and then incubated with 5 µg/ml of the specific primary antibody (Ancell Corporation, Bayport, MN) for 60 min. Cells were washed and then incubated with 10 µg/ml of a streptavidin conjugated secondary antibody for 60 min. Binding was detected with tetramethylbenzidine treatment. Color development was read at 450 nm in a microplate reader after the reaction was stopped with 0.5M H 2 SO 4 .
Immunofluorescence microscopy was used to quantify the surface expression and localization of connexin-43 and caveolin-1. HUVECs were washed twice in PBS and then fixed in 1.5% glutaraldehyde for 15 min. Neutralization and blocking was conducted with PBS+1% BSA for 30 min. Cells were then washed and incubated with 0.6 µg/ml antihuman connexin-43 (Abcam, Cambridge, MA) and 2 µg/ml antihuman caveolin-1 (Invitrogen, Carlsbad, CA) for 60 min. Cells were then washed and incubated with two fluorescent secondary antibodies at a concentration of 5 µg/ml for 60 min. Cells were washed and stored in PBS+1% BSA for imaging.
All ELISA and immunofluorescent microscopy images were normalized by the paired samples not exposed to albumin. Connexin-43 and caveolin-1 expression was quantified with two customized methods. The first was to split images into the red-blue-green channels. The intensity of individual channels was quantified and normalized (reported as intensity). The second was to merge paired connexin-43 and caveolin-1 images. The expression of discrete clusters was manually counted and normalized (reported as expression).
Statistics
Means and standard deviations of normalized data from individual experiments were pooled. Pooled data from all experiments was tested for significance using a two-way analysis of variance (ANOVA) approach (with replication). Differences in treatment groups and durations are reported on figures for applicable comparisons. Data were analyzed with the statistical software package SAS (v 9.2). 
Results
Endothelial Cell Viability and Density
HUVECs were used to determine the effects of glycation, glycation extent, and culture duration on various functions that are associated with the inflammatory and the thrombogenic response. First, we determined the changes in viability and density after incubation with glycated albumin. Viability was high for all conditions (>98%), and there were no significant differences at the early growth duration ( Figure 1A , n = 4-5 per condition). With a longer growth duration, the viability for cells that were incubated with albumin exposed to glucose for 6 or 8 weeks was significantly reduced as compared to no added albumin, paired nonglycated albumin, the early duration, and albumin that was exposed to glucose for 2 weeks (the viability was still high). Human umbilical vein endothelial cell density was also compared, and we observed a significant improvement in cell density with longer culture durations ( Figure 1B , n = 4-5 per condition). With a longer exposure to albumin exposed to glucose for 6 or 8 weeks, there was a significant reduction in cell density as compared with the no added albumin, the paired nonglycated samples, and albumin exposed to glucose for 2 weeks. Furthermore, there was no increase in density for these cells over time. Thus Figure 1 illustrates that, with a longer incubation with albumin exposed to glucose for a longer duration, the culture conditions deteriorate.
Endothelial Cell Morphology
The area of HUVECs in culture was determined from the perimeter area of individual cells. Although there were some differences, there was no overall trend ( Table 1 , n = 4-5 per condition). However, there were significant differences in the percentage of elongated cells for different glycation conditions. With a longer growth duration, we typically see an increase in the percentage of elongated cells. With albumin that was exposed to glucose for 2 or 6 weeks, there was an increased number of elongated cells as compared to the no added albumin conditions. However, with albumin that was exposed to glucose for 8 weeks, the number of elongated cells did not improve. Thus Table 1 suggests that the presence of glycated albumin alters the preference for cells to grow with an elongated morphology but does not alter the cell area.
Scanning electron microscopy was used to verify and visualize the morphology of cells. Interestingly, images suggest that there is a strong deterioration in the culture conditions after exposure to albumin exposed to glucose for 8 weeks (Figure 2) . The normal "cobblestone" appearance of HUVECs disappears, there are multiple unstable thin connections between neighboring cells, and the cells do not reach confluence (as compared with the culture conditions with no added albumin). After exposure to nonglycated albumin, there appear to be no changes in morphology. 
Endothelial Cell Metabolic Activity
The metabolic activity of HUVECs in response to glycated albumin was measured. After 3 days, there were no differences in metabolic activity between any groups (Figure 3 , n = 4-5 per condition). On day 5, there was an overall improvement in metabolic activity (as compared with day 3) for no added albumin conditions, any nonglycated sample, and 2-week glycated albumin. However, with the longer duration, there was no improvement in the metabolic activity for cells incubated with albumin exposed to glucose for 6 or 8 weeks, and this was significantly reduced as compared with all other conditions. Thus Figure 3 illustrates that the presence of albumin exposed to glucose for 6 or 8 weeks significantly impairs metabolic activity.
Expression of Inflammatory and Thrombotic Mediators
The surface expression of ICAM-1, thrombomodulin, and tissue factor was measured after exposure to glycated albumin. In the presence of albumin exposed to glucose for 8 weeks, the expression of ICAM-1 was significantly enhanced, independent of the culture duration ( Figure 4A , n = 6 per condition for all panels), as compared to the no added albumin conditions. In the presence of albumin exposed to glucose to any extent, the expression of thrombomodulin was significantly decreased as compared to no added albumin conditions or the paired nonglycated albumin ( Figure 4B) . Similarly, there was an overall increase in the expression of tissue factor when HUVECs were exposed to albumin exposed to glucose for 6 or 8 weeks (Figure 4C ). This increase was significant as compared with the no added albumin conditions, the paired nonglycated albumin samples, and the paired day 3 conditions. Thus Figure 4 illustrates that, in the presence of glycated albumin, there is an overall enhancement of inflammatory responses and thrombotic responses, and this was more prevalent in response to albumin exposed to glucose for longer durations.
The expression of connexin-43 and caveolin-1 was also quantified. Overall, there were no trends in the expression of either marker, except for HUVECs incubated with albumin exposed to glucose for 8 weeks (Figure 5, Figure 2 . Endothelial cell (HUVEC) morphology as imaged with scanning electron microscopy after 5 days of (A) culture under conditions without added albumin, (B) exposure to nonglycated albumin at 8 weeks duration, or (C) glycated albumin at 8 weeks duration. A distinctly different morphology can be seen after exposure to glycated albumin at this long culture duration. Scale bars are (A, B, C) 100 µm or (C) 10 µm. Each bar represents the mean + standard error of the mean of the pooled data from each experiment. +, significantly different from no added albumin (paired by culture duration, two-way ANOVA, p < .05); *, significantly different from day 3 (paired by treatment, two-way ANOVA, p < .05); #, significantly different from nonglycated albumin (paired by culture duration, two-way ANOVA, p < .05). n = 4-5 per condition). In general, there was a heightened intensity for both markers (Figures 5A and 5B) , suggesting more of these markers are expressed, and there was a higher proportion of the localized expression of these markers (Figures 5C and 5D) , suggesting that either active gap junctions or caveolae were forming. These data can be verified from merged digital images of connexin-43 expression and caveolin-1 expression (Figure 6 ). These images suggest that there is an overall increase in the localization of these markers after endothelial cells are incubated with albumin that was exposed to glucose for 8 weeks. Thus Figures 5 and 6 illustrate that there is a heightened potential for actively forming networks and angiogenesis (mediated by connexin-43 and caveolin-1) after the incubation with glycated albumin.
Discussion
Viability and Density
The viability and density of endothelial cells that were exposed to glycated albumin for various durations was investigated (Figure 1) . We showed that, with longer culture durations, there was a general decrease in viability and density for cells that were exposed to albumin exposed to glucose for 6 or 8 weeks, but not 2 weeks. In fact, there was no increase in cell density from 3 to 5 days in culture for cells that were exposed to later glycation. This is in agreement with previous studies that show an overall decrease in viability associated functions for endothelial cells exposed to glycated albumin. 7, 19, 20 With a reduction in viability, we would anticipate a heightened potential for inflammatory and thrombotic responses to occur, and previous work has associated cardiovascular complications with these responses.
21,22
Morphology
Using previously established methods, 16, 17 we quantified the morphology of HUVECs that were exposed to glycated albumin ( Table 1 ). In conjunction with this, morphological changes were verified with scanning electron microscopy ( Figure 2) . In general, there was an altered percentage of elongated cells. In previous work, we have correlated changes in the percentage of elongated cells with angiogenesis potential. 16 Scanning electron microscopy images verified these findings and showed a significantly altered morphology with longer glycation durations. Others showed that there is a degeneration in endothelial cell association with the extracellular matrix via adhesion molecules, which would induce morphology changes.
23
Metabolic Activity
We measured an increase in metabolic activity with longer times in culture, except for albumin exposed to glucose for longer durations (Figure 3) . These findings are in agreement with previous work that has shown that the metabolic activity of endothelial cells within a diabetic vasculature is reduced and that this can be reversed through the application of pharmacological agents. 24 Combined, our data suggest that there is an overall impairment of endothelial cell culture in response to albumin exposed to glucose for longer durations.
Inflammatory and Thrombotic Responses
To relate the previous data to inflammatory and thrombotic responses, we measured the expression of ICAM-1, thrombomodulin, and tissue factor (Figure 4) . We measured an enhanced expression of ICAM-1 and tissue factor after exposure to albumin exposed to glucose for longer durations, which would suggest that there is the potential for an enhanced inflammatory and/or thrombotic response. 25, 26 Both of these outcomes are hallmarks of cardiovascular diseases associated with diabetes. Furthermore, we saw a marked decrease in the expression of thrombomodulin, especially for cells incubated with albumin exposed to glucose for 6 or 8 weeks (Figure 4) . With a decrease in thrombomodulin, we would anticipate an enhancement of the thrombotic The surface expression of these molecules was calculated from 3-4 images for 4-5 independent experiments. Each bar represents the mean + standard error of the mean of the pooled data from each experiment. Intensity is a measure of the expression of these molecules, whereas expression is a measure of the localization of individual molecules to particular regions within the cell. +, significantly different from no added albumin (paired by culture duration, two-way ANOVA, p < .05); *, significantly different from day 3 (paired by treatment, two-way ANOVA, p < .05); #, significantly different from nonglycated albumin (paired by culture duration, two-way ANOVA, p < .05).
response, once initiated. Others have shown that high glucose or animal models of diabetes are characterized by the same decrease in thrombomodulin expression. 27, 28 Using immunofluorescence microscopy, we imaged the expression of connexin-43 and caveolin-1 as markers of enhanced angiogenesis potential and mature communication pathway formation. For the most part, there were no trends in the expression of these molecules; however, the incubation of endothelial cells with albumin exposed to glucose for 8 weeks typically induced the highest expression of these molecules (Figures 5 and 6 ). There has been some work on the expression of gap junction proteins during diabetes. So far, there seems to be no consensus; however, most of these studies have been carried out in varying cell types and under varying Figure 6 . Digital images of endothelial cells exposed to (A, D, G) no added albumin, (B, E, H) albumin glycated for 8 weeks, (C, F, I) or nonglycated albumin at 8 weeks for 5 days. The expression of (A, B, C) connexin-43 and (D, E, F) caveolin-1 were quantified as a means to determine changes in angiogenesis potential and gap junction formation (these images generated the data plotted in Figures 5A and 5B). (G, H, I ) Merged images show where these markers were localized under these conditions and suggest that these were nature channels (these images were generated the data plotted in Figures 5C and 5D ). All scale bars are 100µm.
stimulation. For instance, endothelial cell connexin-40 expression has been shown to be downregulated under diabetic conditions, and this has been supported in astrocytes. 29, 30 Under hyperglycemic conditions, connexin-43 expression was reduced in the microvasculature. 31 Others have shown an enhancement of gap junction expression under their particular conditions. 32, 33 Our data would suggest that the expression of connexin-43 is highly regulated under these conditions and is a function of glycation extent and exposure duration. Most of the caveolin-1 literature is in agreement with our data in that there is an overall upregulation of caveolin-1 in response to glycated albumin. 34, 35 
Conclusions
Our goal was to determine changes in endothelial cell thrombotic response and inflammatory responses during exposure to glycated albumin. Here we show that there is an overall reduction in HUVEC viability, density, and metabolic activity. Furthermore, this was more prevalent for cells that were exposed to albumin exposed to glucose for longer durations. Intracellular adhesion molecule-1, tissue factor, connexin-43, and caveolin-1 expression were upregulated, while thrombomodulin expression was downregulated in response to the advanced glycated albumin. Combined, our data would suggest that, in the presence of albumin exposed to glucose for longer durations, there is an overall enhancement of the inflammatory and thrombotic responses, which may lead to enhanced cardiovascular complications associated with platelet-endothelial cell interactions. These observations are limited by the assumption that the glycated albumin that we form in vitro is similar to what would form under diabetic conditions.
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